Abstract: During the last decade, transition metal oxides have been actively investigated as hole-and electron-selective materials in organic electronics due to their low-cost processing. In this study, four transition metal oxides (V2O5, MoO3, WO3, and ReO3) with high work functions (>5 eV) were thermally evaporated as front p-type contacts in planar n-type crystalline silicon heterojunction solar cells. The concentration of oxygen vacancies in MoO3−x was found to be dependent on film thickness and redox conditions, as determined by X-ray Photoelectron Spectroscopy. Transfer length method measurements of oxide films deposited on glass yielded high sheet resistances (~10 9 Ω/sq), although lower values (~10 4 Ω/sq) were measured for oxides deposited on silicon, indicating the presence of an inversion (hole rich) layer. Of the four oxide/silicon solar cells, ReO3 was found to be unstable upon air exposure, while V2O5 achieved the highest open-circuit voltage (593 mV) and conversion efficiency (12.7%), followed by MoO3 (581 mV, 12.6%) and WO3 (570 mV, 11.8%). A short-circuit current gain of ~0.5 mA/cm 2 was obtained when compared to a reference amorphous silicon contact, as expected from a wider energy bandgap. Overall, these results support the viability of a simplified solar cell design, processed at low temperature and without dopants.
Introduction
Although crystalline silicon (c-Si) solar cells are a mature technology with competitive energy prices in several markets, efforts toward higher efficiencies, lower costs and lesser environmental impacts continue to lead the photovoltaic community. State of the art technology already allows for low-temperature deposition of dopants (T < 200 °C) in amorphous silicon a-Si:H/c-Si heterojunction devices, but thermally-diffused doping (T > 900 °C) is still the industry standard, covering ~12% of the module fabrication energy input [1] . As advanced solar cell architectures become closer to the theoretical efficiency limits for single-junction devices, further cost reduction must then come from ambient-temperature or solution-based processes and materials.
In parallel, the development of thin-film and dye-sensitized/organic photovoltaics has introduced novel materials with excellent optoelectronic properties that could substitute standard silicon dopants. Such materials have recently been reported in conjunction with p-and n-type c-Si, including organic polymers (PEDOT:PSS [2] , P3HT [3] ), transparent conductive oxides (ZnO [4] ), transition metal oxides (TiO2 [5] , MoO3 [6] , WO3 [7] ) or their combination [8, 9] , reaching power conversion efficiencies as high as 18.8% [10] for MoO3/n-type c-Si heterojunctions. A distinctive attribute of these materials is their preferential conductivity for one kind of charge carrier (i.e., holes) while blocking the other kind (electrons), aiding in the separation of photogenerated carriers [11] . They are usually wide bandgap semiconductors (highly transparent) with low contact resistivities, although the primary benefit is their processability by low-temperature techniques (vacuum thermal evaporation, atomic layer deposition) or by thin-film coating methods. This paper explores the use of four transition metal oxides (V2O5, MoO3, WO3, and ReO3) as front p-type contacts in planar n-type crystalline silicon (n-Si) solar cells. The compositional, optical and electrical properties of these oxides will be discussed in terms of the solar cell design, making emphasis on their advantages (optical gains) and disadvantages (post-annealing degradation) when compared to conventional a-Si:H layers.
Experimental Details
The oxide/c-Si solar cells were fabricated on double-side polished mono-crystalline (float zone, 100 orientation) n-Si wafers (~2.5 Ωcm, ND ~ 1.8 × 10 ) of 280 μm thickness. After the standard RCA cleaning process and 1% HF bath (1 min) to remove native SiO2, samples were introduced in a Plasma-Enhanced Chemical Vapor Deposition (PECVD) system (Elettrorava, Turin, Italy) for deposition of three hydrogenated amorphous-silicon carbide layers (a-SiCx:H, 0.2 < x < 1) on the rear side of the wafer. This passivating/n + doped/reflective stack was then laser-fired (infrared nanosecond laser) to create a matrix of point contacts (0.5% contacted area) with a measured contact resistivity <0.5 mΩcm 2 and an effective surface recombination velocity ~50 cm/s (before metallization) [12] . After a second 1% HF bath, the different transition metal oxides (Sigma Aldrich, Dorset, England; 99.99%, powdered) were deposited by vacuum thermal evaporation from a tantalum boat at <8 × 10 −6 mbar at a rate <0.2 Ȧ/s. Even though ReO3 was evaporated without difficulty, the film proved unstable when exposed to ambient air and some of the devices could not be measured. The oxide thickness was fixed at 15 nm and controlled by quartz microbalance. The samples were then briefly exposed to air for transferring into a RF-magnetron sputtering system for deposition of an 80 nm Indium-Tin Oxide (ITO) conductive/anti-reflective layer (ITO target: J.J. Lesker, Hastings, England), followed by lithographic patterning of 1 cm 2 cell area. Contacting of the rear side was done by electron-beam assisted evaporation of Ti (15 nm)/Al (1000 nm) followed by a front grid (4.3% shadow) of thermally evaporated Ag (metals: J.J. Lesker, Hastings, England). A reference device was also fabricated by replacing the transition metal oxide layer with an intrinsic (i) a-Si:H (4 nm)/(p) a-Si:H (15 nm) stack contacted by ITO and using the same point contact strategy on the rear side. Figure 1 [13] , V2O5, MoO3 and WO3 [14] . The valence and conduction band energy levels of c-Si are also shown.
Characterization of the solar cells was performed before and after a 10 min 160 °C annealing in N2 atmosphere. The current-voltage characteristics were measured (Keithley Instruments 2601B, Cleveland, OH, USA) both in dark and AM1.5g standard illumination (Oriel Instruments, Irvine, CA, USA), extracting the relevant cell performance parameters. The External Quantum Efficiency (EQE) response was measured by a commercial instrument (PV Measurements QEX10, Boulder, CO, USA) and the total reflectance by spectrophotometry (Shimadzu 3600, Kyoto, Japan) with an integrating sphere. Optical simulation of the solar cell structure was done by the tool Wafer Ray Tracer [15] (Version 1.6.4, PV Lighthouse Pty. Ltd., Australia) at 20 nm intervals and 5000 incident rays. Transfer Length Method (TLM) measurements of the oxide films (15 nm thick) were also performed with 1 × 0.1 cm Au electrodes at various distance intervals, measuring the current-voltage response (Keithley Instruments 2636, Cleveland, OH, USA; 1fA resolution) in the dark and under vacuum. The elemental composition of MoO3 films was determined from Gaussian-Lorentzian peak fittings of X-ray Photoelectron Spectroscopy (XPS) spectra measured at <3 × 10
mbar using a non-monochromatic Al-Kα source (SPECS, Berlin, Germany; Phoibos 150 detector).
Results and Discussion

Transition Metal Oxide Characterization
Transition metal oxides are wide bandgap semiconductors that have been employed as hole and electron transport layers in organic solar cells and light emitting diodes due to their wide range of work functions varying from 3 eV (ZrO2) to 7 eV (V2O5) [16] . Their doping character is determined by defect vacancies in their atomic structure, resulting in either p-type doping for metal vacancies or in n-type doping for oxygen vacancies, as is the case in the four n-type oxides under study (Figure 1(b) ) [13, 14] . Likewise, the conductivity and work function vary with oxygen content in an inverse manner, shifting from high work function insulators (MoO3) to semiconductors (MoO3−x) to low work function metallic-like conductors (MoO2) as the cation oxidation state decreases (Mo
) [16] . In order to determine the stoichiometry of the prepared samples, Figure 2 shows the elemental content of Mo +6 and Mo +5 cations calculated from the integrated areas of the fitted Mo 3d XPS peaks (inset) for different MoO3 thicknesses and two different post-deposition treatments (air-exposure and UV-ozone, 15 min). For the air-exposed films, it is observed that the Mo +6 content increases with film thickness and stabilizes at a value of ~94%, while the Mo +5 content inversely decreases to ~6%. This phenomenon has been thoroughly investigated for several metallic substrates and has been attributed to thermodynamically driven redox reactions at the MoOx/substrate interface [17] . Similarly, the UV-ozone treated samples follow the same trend but with a larger Mo +6 content due to ozone oxidation, stabilizing at a value of ~96% (~4% for Mo +5 ). By integrating the fitted O 2p peaks, average oxygen to metal (O/M) ratios were calculated at MoO2.5 (air-exposed) and MoO2.6 (UV-ozone). Oxygen deficiency has also been reported for thermally evaporated V2O5 [18] , WO3 [7] and ReO3 [13] , which allows for fine-tuning of the desired work function by means of different process conditions and post-deposition treatments [19, 20] . 
where RT is the total resistance measured between two electrodes of width W separated by a distance d, while 2RC is the transversal contact resistance between Au/MoO3 (glass sample) and Au/MoO3/n-Si (n-Si sample). Figure 3 plots the dark RT measurements at increasing d intervals for both samples, obtaining a sheet resistance of ~5 × 10
12 Ω/sq for MoO3/glass and ~1 × 10
4 Ω/sq for MoO3/n-Si. The large difference between both measurements is explained by the formation of an inversion layer on silicon's surface, acting as p-type contacts in the n-Si substrate [10, 22] . Note also that Rsh for the n-Si substrate (with ~2.5 Ωcm resistivity) is ~65 Ω/sq and does not contribute significantly to the inversion layer resistance. Similar results were obtained for V2O5 and WO3 deposited on glass and n-Si substrates (Table 1) , indicating the formation of an inversion layer. Also, MoO3 samples yielded a 3% higher Rsh when treated with UV-ozone, as expected from a higher Mo Due to the high sheet resistance values discussed above, a transparent conductive oxide is required for current collection, so that the main contribution of the inversion layer (IL) to the cell series resistance comes from the transversal current flow across the IL/oxide/ITO interfaces, which can be approximated from the contact resistivity ρC = RC AT (where AT is the effective current flow area). However, the obtained contact resistivities were overestimated due to the large errors inherent to the TLM itself [21] , being inconsistent with the series resistances and fill factors measured in the finished solar cells and needing further analysis. From the optical perspective, the thicknesses of both ITO and transition metal oxide layers need to be adjusted for an optimum anti-reflection quality. Figure 4(a) shows the maximum photocurrent density Jph for the MoO3/n-Si solar cell simulated with the Wafer Ray Tracer program (AM1.5g solar spectrum), showing an optimum window across the 0-100 nm thickness range. The simulation parameters (refractive index and extinction coefficient) where wavelength dependent and taken from the program material database [15] , including MoO3 (alpha-phase) from [23] . Since the sputtered ITO has a moderately high Rsh ~130 Ω/sq, a minimum thickness of 80 nm was fixed in order to limit the resistance losses, yielding a maximum photocurrent of 35.7 mA/cm 2 for a MoO3 thickness of 15 nm. This oxide thickness also ensures a uniform coverage of the random pyramids. Furthermore, the large bandgap energy of transition metal oxides (Egap ~3 eV) reduces the absorption losses in comparison to standard a-Si:H (~1.7 eV). 
Solar Cell Characterization
Besides reduced parasitic absorption and moderate resistance losses, transition metal oxides must also generate a potential difference that facilitates the separation of photogenerated carriers. Figure 5 depicts the current density-voltage (J-V) characteristic of the oxide/n-Si solar cells under standard AM1.5g illumination and in the dark (inset). All oxide solar cells show the typical rectifying behavior of a p-n junction except for ReO3, whose surface quality was severely deteriorated and produced a Schottky diode between ITO and silicon. The cell dark response at high voltage shows larger series resistance (RS) than the a-Si:H reference, while at low voltage the so-called recombination diode indicates inadequate passivation of the oxide/n-Si interface. Under illumination, the highest open-circuit voltage (VOC) is achieved by the V2O5 cell with 593 mV, followed by MoO3 (581 mV) and WO3 (570 mV). These VOC values are notable given the chemical dissimilarity between materials, the thinness of the oxide layer and the simple solar cell design, and even though higher VOC s have been reported by use of (i) a-Si:H passivating interlayers [7, 10] , they introduce an additional processing step (PEVCD). Moreover, a correlation could be inferred between the reported work functions values (Figure 1(b) ) and the measured VOC s (with larger work functions exerting a stronger surface inversion on n-Si), but further research is necessary. As to the short-circuit current densities (JSC), all cells achieved a relatively constant value of ~29 mA/cm 2 , with the reference being slightly lower due to its higher parasitic absorption (lower Egap). The observed Fill Factors (FF) were similar for all cells (>70%) and could be improved by decreasing RS, which is dominated by ITO's sheet resistance and probably by the high contact resistivity amongst n-Si/oxide/ITO. By considering the obtained solar cell parameters (Table 2) , the Power Conversion Efficiencies (PCE) were 12.7% (V2O5), 12.6% (MoO3) and 11.8% (WO3), compared to a reference 13.1%. The External Quantum Efficiency (EQE) response of the solar cells is shown in Figure 6 . The curves show considerable reflectance losses in the ultraviolet and near-infrared wavelengths, which could be lowered by fabricating the device on a texturized wafer. Likewise, the reflectance minimum (~750 nm) could be shifted to shorter wavelengths by reducing the ITO thickness, matching the solar spectrum power peak (~525 nm) and enhancing photon absorption. A notable feature of the oxide cells is the improved response in the 300-550 nm range when compared to a-Si:H, explained by the lower parasitic absorption of the oxide films and predicted by the optical simulation of the device, accounting for a net gain in JSC of ~0.5 mA/cm 2 . Figure 6 . External quantum efficiency and total reflectance of the fabricated oxide/n-Si solar cells, including an a-Si:H reference device.
Finally, it is well known in a-Si:H/c-Si heterojunction technology that ion bombardment occurring during ITO sputtering degrades the passivation of a c-Si surface [24] , increasing carrier recombination (lower JSC) and decreasing the effective minority carrier lifetime (lower VOC). A short post-fabrication annealing at 160 °C is sufficient to recover the damage, as evidenced by a VOC and JSC enhancement of the reference a-Si:H cell to 645 mV and 32.7 mA/cm 2 . In search of a similar boost in performance, the oxide/n-Si cells were annealed under the same conditions, obtaining varied results as summarized in Figure 7 . The V2O5 device decreased its PCE to 10.8% as a consequence of a drop in FF, even though its VOC indeed recovered to 614 mV. For the MoO3 cell, its efficiency dropped to 11.0% due to VOC (560 mV) and JSC (27.6%) deterioration. The WO3 cell was the only material that showed a positive improvement in efficiency (12.6%), increasing its VOC and JSC to 583 mV and 30 mA/cm 2 . Overall, the results suggest that the V2O5 and MoO3 films are strongly sensitive to temperature, although the threshold at which their optical and electric properties degrade still needs to be determined. 
Conclusions
Thermally evaporated transition metal oxides were successfully employed as front p-type contacts in planar n-type c-Si solar cells, achieving VOC values of 593 mV (V2O5), 581 mV (MoO3) and 570 mV (WO3), for a maximum power conversion efficiency of 12.7% (V2O5). XPS analyses of MoO3 films showed a dependence of the cation oxidation state with thickness and an average oxygen deficiency of MoO2.55, while moderate sheet resistance values (10 4 Ω/sq) of the oxide films deposited on n-Si were attributed to the formation of a surface inversion layer. When compared to a reference a-Si:H layer, a gain in JSC ~0.5 mA/cm 2 was seen for the wider bandgap oxide layers, though serious losses in efficiency were observed for the V2O5 and MoO3 cells after thermal annealing treatments. Future studies should focus on enhancing the passivation of the oxide/c-Si interface, avoiding the damage caused by ITO sputtering and lowering the contact resistivity. Lastly, by use of another transition metal oxide layer as rear n-type contact, a simplified solar cell architecture that is dopant-free and fully processed at low temperature could offer important reductions in cost for crystalline silicon photovoltaics.
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